Abstract. This study investigated the preparation of drug-loaded fibers using a modified coaxial electrospinning process, in which only unspinnable solvent was used as sheath fluid. With zein/ibuprofen (IBU) co-dissolving solution and N, N-dimethylformamide as core and sheath fluids, respectively, the drug-loaded zein fibers could be generated continuously and smoothly without any clogging of the spinneret. Field emission scanning electron microscopy and transmission electron microscopy observations demonstrated that the fibers had ribbon morphology with a smooth surface. Their average diameters were 0.94±0.34 and 0.67±0.21 μm when the sheath-to-core flow rate ratios were taken as 0.11 and 0.25, respectively. X-ray diffraction and differential scanning calorimetry verified that IBU was in an amorphous state in all fiber composites. Fourier transform infrared spectra showed that zein had good compatibility with IBU owing to hydrogen bonding. In vitro dissolution tests showed that all the fibers could provide sustained drug release files via a typical Fickian diffusion mechanism. The modified coaxial electrospinning process reported here can expand the capability of electrospinning in generating fibers and provides a new manner for developing novel drug delivery systems.
INTRODUCTION
Electrospinning is a popular procedure for producing nanofibers due to ease of implementation and cost-effectiveness of the process and the unique properties and versatile applications of the resultant nanofibers (1) (2) (3) (4) (5) (6) . For pharmaceutical applications, electrospun polymer-based fibers have been investigated for providing different types of controlled drug release profiles, such as immediate, pulsatile, delayed, sustained, and biphasic releases (7) (8) (9) (10) . Among them, sustained drug release is gaining considerable attention as a method of administering and maintaining desired drug concentrations in the blood within a specified therapeutic window, or in target tissues within a desired duration of drug delivery (11) (12) (13) .
However, for smooth preparation of drug-loaded polymer nanofibers with desired drug sustained release profiles, several concerns must be resolved. First, the polymer should have fine filament-forming property in a certain solvent under the electrical field, i.e. have good electrospinnability. Second, the host polymer matrix must be biocompatible for biomedical applications and meanwhile should be compatible with the guest active pharmaceutical ingredients. Third, the solvents for preparing the spinning solutions should not only dissolve a certain amount of drug and polymer in the working solution for efficacious drug content and enough polymer chain-entanglement density necessary to prevent capillary breakup and Rayleigh instability for generating nanofibers with uniform structure but should also make the working solution amicable to the electrospinning process. However, a common failure example of preparing drug-loaded fibers using traditional single fluid electrospinning is the frequent clogging of the spinneret, often thought to be a result of high concentration of polymer in the solutions and/or high volatility of employed solvents (14) (15) (16) (17) .
Coaxial electrospinning, in which a concentric spinneret can accommodate two different liquids, is regarded as one of the most significant breakthroughs in this area (18) . It has been applied broadly in controlling secondary structures of nanofibers, encapsulating drugs or biological agents into the polymer nanofibers, enclosing functional liquids within the fiber matrix, manipulating the size of self-assembled nanoparticles, preparing ultrafine fibers from concentrated polymer solutions previously thought to be unspinnable, and improving nanofibers' quality systematically (19, 20) . Coaxial electrospinning is able to expand the capability of electrospinning in fabricating nanofibers in two manners. The first one is that it can prepare nanofibers from materials that lack filament-forming properties using traditional coaxial electrospinning process, where the sheath fluid often has good electrospinnability while the core fluid is unelectrospinnable (21) (22) (23) . The second one is a modified coaxial electrospinning process first reported by Yu et al. (24, 25) , where only unspinnable solvent is employed as sheath fluid. Through replacing the traditional interface between polymer jets and atmosphere partially by the interface between polymer jets and sheath solvents, the modified coaxial electrospinning opens a new way for generating nanofibers from polymer solutions. The modified coaxial process has been demonstrated to be a useful tool in preventing clogging of spinneret for continuous preparation of pure polymer nanofibers such as polyvinylpyrrolidone and polyacrylonitrile (24) (25) (26) .
Zein is a mixture of proteins with different molecular weights in corn gluten. Apart from biodegradability and biocompatibility, zein has low hydrophilicity, high elasticity, and film-forming capabilities (27, 28) . Zein is used to manufacture a wide variety of commercial products, including coatings for food, excipients in pharmaceutics, and clothing. Recently, the electrospinning of zein into nanofiber mats for various applications, particularly in the biomedical field such as being a scaffold and matrix of novel drug delivery systems, has drawn increased attention (29) (30) (31) (32) . However, the electrospinning of zein is easily hindered by spinneret clogging. Kanjanapongkul et al. (16) reported that clogging would occur even when the zein concentration in its ethanol aqueous solutions (85 wt.%) decreased from an electrospinning level to electrospraying level (<18 wt.%).
In the present study, using N, N-dimethylformamide (DMF; boiling point, 153°C) as sheath fluid, the modified coaxial electrospinning process was conducted to keep the spinneret from clogging for continuous preparation of ibuprofen (IBU)-loaded zein nanofibers, which can provide sustained drug release profiles.
MATERIALS AND METHODS

Materials
Zein was obtained from Aldrich (a purity of 98%, Milwaukee, WI). IBU was purchased from Hubei Biocause Pharmaceutical Co., Ltd (Hubei, China). DMF and anhydrous ethanol was provided by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All other chemicals used were of analytical grade, and water was doubly distilled before use.
Modified Coaxial Electrospinning
The core co-dissolving solutions of zein and IBU were prepared by dissolving 30.0 g zein and 3.0 g IBU in 100 mL 80% ethanol aqueous solution (v/v). The solutions were degassed with a SK5200H ultrasonator (350 W; Shanghai Jinghong Instrument Co., Ltd. Shanghai, China) for 30 min before electrospinning.
Two syringe pumps (KDS100 and KDS200, Cole-Parmer, Vernon Hills, IL) and a high-voltage power supply (ZGF 60 kV/2 mA; Shanghai Site Corp., Shanghai, China) were used. The applied voltage was fixed at 14 kV. The nanofibers were collected on an aluminum foil at a distance of 15 cm. All electrospinning processes were carried out under ambient conditions (24 ± 3°C with relative humidity 57 ± 4%) and recorded using a digital video recorder (maximum magnification of×12, Canon, Tokyo, Japan). A homemade concentric spinneret was used to conduct the modified coaxial electrospinning. The flow rates of the sheath solvent DMF and the core solution are listed in Table I . A traditional single fluid electrospinning process was also conducted using the homemade concentric spinneret with a zero flow rate of sheath DMF.
Characterization
The morphology of the nanofibers was examined using an S-4800 field emission scanning electron microscopy (FESEM) system (Hitachi, Tokyo, Japan). Prior to the examination, the samples were rendered electrically conductive by gold sputter coating under a nitrogen atmosphere. The average fiber diameter was determined by measuring their diameters in the FESEM images at more than 100 different locations using the Image J software (National Institutes of Health, Bethesda, MD).
Transmission electron microscopy (TEM) images of the samples were recorded on a JEM 2100F field emission transmission electron microscope (JEOL, Tokyo, Japan). TEM samples were collected by fixing a lacey carbon-coated copper grid on the collector.
Differential scanning calorimetry (DSC) analyses were carried out using a MDSC 2910 differential scanning calorimeter (TA Instruments Co., New Castle, DE). Sealed samples were heated at 10°C/min from 20°C to 250°C under a nitrogen flow of 40 mL/min. X-ray diffraction (XRD) patterns were obtained on a D/Max-BR diffractometer (RigaKu, Tokyo, Japan) with CuKα radiation within the 2θ range of 5-60°at 40 mV and 30 mA. Fourier transform infrared (FTIR) analyses were performed on a Nicolet-Nexus 670 FTIR spectrometer (Nicolet Instrument Corporation, Madison, WI) from 500 to 4,000 cm −1 at a resolution of 2 cm −1 . In vitro dissolution tests were carried out according to the Chinese Pharmacopoeia (2005 ed.) Method II, a paddle method in which an RCZ-8A dissolution apparatus (Tianjin University Radio Factory, Tianjin, China) was used. About 200 mg of drug-loaded nanofibers were placed in 600 mL of physiological saline (PS; 0.9 wt.%) at 37±1°C. The instrument was then set to 50 rpm, providing sink conditions in which C< 0.2C s . At predetermined time points, 5.0 mL samples were withdrawn from the dissolution medium and replaced with fresh medium to maintain a constant volume. After filtration through a 0.22 μm membrane (Millipore, MA) and appropriate dilution with PS, the samples were analyzed at 272 nm using a UV-vis spectrophotometer (UV-2102PC, Unico Instrument Co. Ltd., Shanghai, China). The cumulative amount of IBU released at each time point was reverse calculated from the data obtained against a predetermined calibration curve. Experiments were carried out six times, and the results are presented as mean values.
RESULTS AND DISCUSSION
The Modified Coaxial Electrospinning Process
A schematic diagram of the modified coaxial electrospinning process with solvent DMF as sheath fluid is shown in Fig. 1a . A homemade concentric spinneret was used to carry out the modified process (Fig. 1b) . Two syringe pumps were used to drive the sheath and core fluids independently. The process became a single-fluid electrospinning process when sheath fluid delivery was stopped. An alligator clip was used to connect the inner stainless steel capillary with the high voltage supply (14, 24) .
When single-fluid electrospinning of the core zein/IBU solutions was conducted for preparing fibers F1, the semi-solid "skin" that formed on the nozzle of the spinneret progressively enlarged and made the Taylor cone lose the regular shape, as observed in Fig. 2a-c , until the electrospinning process was totally stopped. The whole process took about 1 min. The semi-solid "skin" needed to be removed manually and frequently to maintain continuity of the electrospinning process. Figure 2d shows a core/shell droplet formed by the core/ sheath fluids themselves in the absence of power when the sheath and core pump were run with a fluid flow rate of 0.2 and 0.8 mL/h, respectively. The sheath DMF well surrounded the core zein and IBU co-dissolving solutions. When a high voltage of 14 kV was applied to the core/sheath fluids, a typical electrospinning process consisting of three stages (Taylor cone, straight fluid jet, and a bending and whipping region) was realized (Fig. 2e) . The coaxial electrospinning process proceeded stably and continuously. A compound Taylor cone of the core/sheath fluids is shown in Fig. 2f , where the core solutions gave a deeper color.
In the traditional single fluid electrospinning process, interactions between the spinneret and spinning solutions, as well as the formation of gel-like substances on the spinneret, made spinning inhomogeneous and easy to be interruptive. In stark contrast, spinning is seen to be continuous and homogeneous when using the modified coaxial process, as illustrated in Fig. 1d-f . Clogging is usually thought to occur as a result of the high viscosity of the polymer solution and the usage of high-volatility solvents (13, (16) (17) (18) . The results reported herein suggest that the situation is more complex and that interactions between the polymer solution and the spinning head also influence the occurrence of clogging.
Particularly in the present study, zein, as a protein, can easily interact with heavy metal elements in the spinneret through electrostatic interactions and chelation (33) . In traditional electrospinning, the applied electrical force needs to be adequate not only to overcome the viscous drag force at the droplet-air interface but also to surpass the drag force from the spinning head: this is crucial to prevent clogging. When the sheath DMF was introduced, interactions between metal elements in the spinning head and the biopolymer in the solution were eliminated. This not only exploited the electrical forces more effectively during electrospinning, but also made it much more difficult for the gel to cling onto the spinning head and thus to clog and interrupt electrospinning.
Morphology and Structure of Nanofibers
FESEM images of the morphology and size distributions of the prepared fibers F1 to F4 are shown in Fig. 3 . Fibers F1, F2, and F3 had ribbon morphologies with smooth surfaces and uniform structures and seldom spindles-on-a-string structure. Drug particles on all fiber surfaces resulting from phase separation during the electrospinning process were not observed, which suggested the good compatibility of the filamentforming matrix zein and IBU. The flat ribbon morphology was closely related with the unexpanded β folds of zein whose molecules have a complicated conformation (32) . Fibers F1, F2, and F3 had average widths of 1.73±0.42 (Table I ; Fig. 3a, b) , 0.94±0.34 (Table I ; Fig. 3c, d ), and 0.67±0.21 μm (Table I; and Fig. 3e, f) , respectively. With increased sheath-to-core flow rate ratio, the width of zein/KET nanofibers gradually decreased and its distribution became narrower. This finding can be attributed to the following: (1) the sheath DMF enabling the core electrospinnable fluid jets to be subjected to a long drawing duration under the electrical field (14) ; and (2) the decrease in exporting total solid solutes from the nozzles of the concentric spinneret. However, excessive sheath solution degraded the coaxial electrospinning process and generated a spindles-on-astring morphology, as shown in Fig. 3g , h. The very fast drying electrospinning process, often on the order of 10 −2 s, can propagate into the solid nanofibers the physical status of the components in the liquid solutions to create the homogeneous nanocomposites (34) . Here the sheath DMF could slow down the fast evaporation of solvent in the core fluids and keep them to be subjected to a longer time period drawing before complete drying. Although the total time period was still on the order of 10 −2 s, it is a concern that if phase separation occurred in the inner part of IBU-loaded fibers. Thus TEM was conducted to observe the nanofiber composites. The TEM images of nanofibers F3 are shown in Fig. 4 . The different gray levels along the radial direction of the nanofibers were resulted from the varied thicknesses. The darkest lines at the edge of the under nanofibers were results of enfoldments due to flat ribbon conformation. The gray levels along the axial direction of the nanofibers were similar without any discerned nanoparticles, indicating a homogeneous structure without solid phase separation. Fibers F3 were generated with a larger sheath flow rate (0.2 mL/h) than F1 (0 mL/h) and F2 (0.1 mL/h). This meant that the transformation process from fluid jets to solid fibers for F3 was longer than F1 and F2, leaving more time for possible phase separation in the fibers during the electrospinning. Thus it can be anticipated that fibers F1 and F2 also had a uniform structure as F3.
Physical Status and Compatibility of Components
DSC and XRD tests were performed to determine the physical status of IBU in composite fibers F1 (from the single process), F2, and F3 (from the coaxial process). The DSC thermograms are shown in Fig. 5 . The DSC curve of pure IBU exhibited a single endothermic response corresponding to its melting point of 77.3°C (ΔH f 0−128.5 J/g). Being an amorphous polymer, zein did not show any fusion peak or phase transition. The DSC thermograms of the composite fibers F1, F2, and F3 did not show any characteristic peak of IBU, suggesting that IBU was no longer present as a crystalline material and had been converted into an amorphous state in the fiber composites.
As depicted in Fig. 5b , the presence of numerous distinct reflections in the XRD pattern of pure IBU demonstrated that the pure drug was crystalline. The zein diffraction pattern exhibited a diffuse background pattern with two diffraction halos, indicating an amorphous state. In the patterns of fibers F1, F2, and F3, the characteristic reflections of IBU were absent, indicating the amorphous state of the fiber composites, IBU was no longer present as a crystalline material and had been converted into an amorphous state.
The DSC and XRD results both confirmed that IBU was highly distributed in the zein matrix and was present in an amorphous state where the original structure of the pure materials had been lost. These observations concurred with the FESEM and TEM observations, where no separate particles can be discerned on them. Compatibility among the components is essential in producing high-quality drug-loaded nanofibers, which can be investigated by FTIR analysis (35, 36) . Second-order interactions such as hydrogen bonding, electrostatic interactions, and hydrophobic interactions often improve compatibility. IBU and zein molecules possess free hydroxyl groups or amino groups that act as potential proton donors, as well as carbonyl groups that act as potential proton receptors for hydrogen bonding (Fig. 6) . Therefore, hydrogen bonding interactions can be speculated to occur within the IBU-loaded zein nanofibers. The FTIR spectra of the components and their nanofibers are shown in Fig. 6 . A sharp peak at 1,725 cm −1 is visible for pure crystalline IBU due to the stretching of the carbonyl groups. However, this peak was combined with the stretching of the carbonyl groups in zein and shifted to 1,653 cm −1 at the composite fibers F1 and F2. Meanwhile, numerous peaks at the finger region of IBU totally disappeared from the spectra of fibers F1, F2, and F3. These phenomena verify the speculation that hydrogen bonding had taken their roles in the formation of homogeneous composite fibers.
In Vitro Drug Release Profiles
IBU has a UV absorbance peak at 272 nm. Hence, the amount of IBU released from the fibers was determined by UV spectroscopy using a pre-determined calibration curve, C013.72A-0.014 (R00.9991), where C is the IBU concentra- tion (in micrograms per milliliter) and A is the solution absorbance at 272 nm (λ max for IBU; linear range, 2~20 μg mL −1 ). The IBU release profiles of fibers F1, F2, and F3 are shown in Fig. 7 . All the three types of fibers had the similar drug sustained release profiles. Fiber F1 prepared by singlefluid electrospinning released 39.6% of the contained drug, indicating an initial burst effect of drug release. Similarly, nanofibers F2 and F3 from the coaxial process released 42.3% and 45.7% in the first hour, respectively, with also obvious initial burst effect. After 6 h of in vitro release, fibers F1, F2 and F3 released 88.3%, 94.7%, and 97.1% of the contained IBU, suggesting a similar sustained drug release profile.
To disclose the drug release mechanism, the IBU release profiles were analyzed according to the Peppas equation (37):
where Q is the drug release percentage, t is the release time, k is a constant reflecting the structural and geometric characteristics of fibers and n is the release exponent, which is indicative of the drug release mechanism. The same drug release mechanism was found for all the composite IBU-loaded zein fibers. The equations for F1, F2, and F3 are Q 1 040.7t 0.41 (R00.9951), Q 2 044.1t 0.42 (R 00.9923), and Q 3 046.9t 0.42 (R 00.9961), respectively. All the values of the release exponent n are less than 0.45, suggesting IBU releases from the three fibers were similarly controlled by a typical Fickian diffusion mechanism.
For drug-loaded fibers, often a larger diameter means a longer distance which the embedded drug must travel if it is to diffuse into the dissolution medium. It is strange here that although fibers F1 have almost two times width of F2 and three times of F3, but the IBU release time periods of F2 and F3 are just slightly shorter than that of F1. This should have a close relationship with the flat ribbon morphology of composite fibers. Although the three types of fibers have significant different widths, their thicknesses might be not so significant. This means that most of the contained IBU in the composite fibers might be free into the dissolution medium through diffusion along the shorter way, i.e., the "thickness" direction, weakening the influence of width on drug release.
Being broken down the traditional concept about coaxial electrospinning that the sheath fluid must be electrospinnable, the modified coaxial process can open a new way in generating novel drug controlled release materials. The unspinnable liquid exploited as sheath fluid in the present study was pure solvent. It can be anticipated that a wide variety of other liquids (such as surfactant solutions, dilute polymer solutions, functional small molecules solutions, suspensions, and also emulsions) may also be exploited as sheath fluids to conduct the modified coaxial process. Thus, the developed process may find its broad applications to generate novel nanostructures for offering new activities, to tailor composition and position of functional ingredients in nanofibers, to process polymer for preparing nanofibers, and to provide new surface modification and functionalization approaches.
CONCLUSIONS
A modified coaxial electrospinning process using only solvent DMF as the sheath fluid was successfully carried out to prepare IBU-loaded zein fibers. The use of DMF as the sheath fluid prevented spinneret-head clogging to smoothen the electrospinning of the core electrospinnable solution enabled the preparation of IBU-loaded zein fibers with finer diameters and narrower diameter distributions. FESEM and TEM images demonstrated that the fibers had ribbon morphology with a smooth surface, as well as average diameters of 0.94±0.34 and 0.67±0.21 μm at sheath-to-core flow rate ratios of 0.11 and 0.25, respectively. XRD and DSC analyses verified that IBU was in an amorphous state in all fiber composites. FTIR spectra showed that zein had good compatibility with IBU because of hydrogen bonding. In vitro dissolution tests showed that the drug-loaded fibers could provide sustained drug release files over a time period of 10 h via a typical Fickian diffusion mechanism. The modified coaxial electrospinning process reported here expands the capability of electrospinning in generating nanofibers continuously, provides a new approach to develop novel functional nanofiber composites.
